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Abstract 
The present paper aims to develop a simple method based on inverse analysis that allows us to determine the laws of plastic 
flow coefficients and the friction coefficient between the material and punch. Selecting from different types of tests, we have 
chosen the Hecker test, because this test requires a single form of punch, the hemispherical one. In this test, the friction between 
the punch and the blank-sheet is caused by the blank-sheet strains and not by the movement it makes (as in deep drawing case). 
Besides the friction coefficient, other parameters like hardening and strength coefficients (n and k), influence the distribution of 
stresses and strains in the material. Using the Hecker test, we determined the curves force vs. displacement and major strain vs. 
displacement for three points located at different heights on the dome. Obtained from the test, these curves will stay on the basis 
of multi-criteria optimization analysis performed with LS-Dyna and Ls-Opt. The force vs. displacement curve was obtained 
using a hydraulic transducer and the major strains vs. displacement curves were obtained using the optical system Aramis 
which provides full information on the three-dimensional coordinates, displacements, strain variations, etc. On the other hand, 
using the Ls-Dyna software we will simulate the Hecker test and we will get the same types of curves (force vs. displacement 
and principal strains vs. displacement). Inverse analysis will consist in minimizing the "distance" between the curves obtained 
by simulation and experimentally obtained curves. We must to mention that this paper contains a big hypothesis: the 
identification is valid only for the chosen mesh and modelling of friction. 
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1. Introduction 
Numerical simulation of forming processes has been an important means for material selection, tool design, and 
process optimization. A critical component of simulation is an accurate material data which describe the response 
of the material under possible modes of deformation. In order to understand material behavior during plastic 
deformation it is necessary to try to improve the design of deformation processes. Much of the researches in this 
field of plastic deformations were generally focused on getting a new law on how to define the behavior of metallic 
materials and these laws were included one by one in the numerical simulation software. A first step in the 
evolution of the inverse analysis in the plastic deformation was achieved by classifying engineering problems in 
direct problems and inverse problems, and especially developing the latter. Systematic studies on inverse problems 
have been carried out by Oudshoorn et al. (1991) – optimization of mass structure, Lee et al. (1991) – calculation of 
structural or extrinsic parameters, based on improved values of the stiffness matrix, Yatheendhar et al. (1993) – 
shape optimization based on minimizing the volume etc. J. Lemaitre et al. (2001) consider that the complete 
process of material model identification encompasses two sequential levels: qualitative identification and 
quantitative identification (inverse method). In an inverse method, the goal is to determine a set of parameters that 
minimize the difference between the calculated values of a model using a functional form (e.g., constitutive 
equation) and the corresponding experimental data (e.g., results of a mechanical test), Y. Chaste et al. (2001). 
In present study, while comparing with the results obtained by A. Gavrus et al. (2008) which has used the 
Erichsen test, we add the experimental curves obtained using the Hecker tests (force vs. displacement, major strain 
vs. displacement), for three points located at different heights on the dome was used for the basis of single case 
optimization analysis performed with Ls-Opt. 
2. Experimental devices and test results 
For determining the mechanical and elastic characteristics of six different materials type, tests were performed 
using a tensile testing machine, compression and buckling Instron 5587 and the shape and size of the test samples 
were chosen in accordance with SR EN 10002-1/1995. Materials used for these tests were: steel sheet with 
elongation break 35% (DC03 with two different thicknesses), Sandwich material with aluminum sheets and foam 
(SWA), polyamide (PA6), polyethylene (PE), polytetrafluoroethylene (PTFE). The thicknesses for all these 
materials are presented in Table 1. 
Table 1. Results data from tensile tests performed using the Instron machine. 
Material 
type of sheet 
Thickness 
t (mm) 
Engineering 
Stress ı (MPa) 
Engineering 
Strain İ (%) 
Strength coefficient 
k (MPa) 
Hardening 
coefficient n 
Yield Stress 
ıy (MPa) 
Tangent Modulus 
Etan (MPa) 
DC03 0.50 301.381 40.804 556.473 0.269 183.572 671.246 
DC03 0.80 320.110 41.495 597.852 0.272 195.882 682.070 
SWA 1.20 108.571 18.140 227.126 0.312 58.269 421.171 
PA6 1.00 41.824 135.291 - - 17.426 97.036 
PE 1.40 24.651 506.496 - - 12.574 78.484 
PTFE 1.00 22.959 361.214 - - 10.076 64.895 
 
A testing method was written in the Instron testing machine's own language (Bluehill). This allowed the 
introducing of the following data: test sample geometry, thickness of the material, width of the sample, stretching 
speed, the machine's limit values, experimental data acquisition rate (200 points/s), type of the output file (ASCII 
or DIF - Data Interchange Format, a file format that can be used by any statistical data processing software) and 
type of the output data to be collected. The output data are: the maximal stress and strain (engineering and true) 
reached in the material, k – the strength coefficient, n – the strain hardening exponent, Etan – tangent modulus and 
ıy – yield stress. Figure 1 shows the tensile stress vs. tensile strain curves obtained from the tensile tests, for all the 
tested materials. 
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(a) 
 
(b) 
Fig. 1. Stress – strain curve for the tested materials at uniaxial tensile test: (a) metallic and sandwich materials, (b) plastic materials 
Since the data obtained from tensile tests, were found the differences between the experimental results of deep 
drawing operations and those obtained by using FEM simulation we adopted solution to make an inverse analysis 
and on base to this analysis to correct input date in numerical simulation. Selecting from different types of tests 
used in sheet metal forming, we have chosen the Hecker test, because this test requires a single form of punch, the 
hemispherical one (Fig. 2). 
  
Fig. 2. Experimental Hecker test (axisymmetric view). Fig. 3. Measurement area of sample prepared for Hecker test. 
In the Hecker test, the friction between the punch and the blank-sheet is caused by the blank-sheet strains and 
not by the movement it makes (as in deep drawing case). Besides the friction coefficient, other parameters like 
hardening and anisotropy coefficients (n and k), influence the distribution of stresses and strains in the material. By 
using the Hecker test, we determined the curves force vs. displacement, major strain vs. displacement for three 
points located at different heights on the dome obtained from the test. The force vs. displacement curve was 
obtained by using a hydraulic transducer and the major vs. displacement curves were obtained by using the optical 
Aramis system which provides full information on the three-dimensional coordinates, displacements, strain 
variations etc. (Fig. 3). 
The Aramis optical system for measuring deformations allows determining the major strain and the thickness 
reduction for different studied materials with high accuracy using a non-contact method. The system has two 
cameras with focal length f = 50 mm that were calibrated before taking measurements for a working space of 96 x 
96 mm x mm. Before testing begins, a matte white paint with good adherence is applied on the surface whence to 
be measured with the purpose of eliminating unwanted reflections. After drying this white paint, a diffuse layer of 
graphite powder is applied, thus creating a network of points whose displacement is measured, with two video 
cameras, during the test. After testing the six types of material, we obtained force vs displacement curves, shown in 
Fig. 4. 
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(a) 
 
(b) 
Fig. 4. Force – displacement curve for materials tested with Hacker device: (a) metallic and sandwich materials, (b) plastic materials. 
Also, in Fig. 5 we show the results of major strain distribution for two of the six materials (DC03 - 0.5 mm, and 
PE - 1.4 mm). As it can be seen in Fig. 5, there are major differences between major strain distribution for the two 
categories of material (metallic and plastic). These differences occur because of the characteristics of the materials 
and also because of the different friction coefficients between metallic punch and tested sheet. It should be noted 
that the tests were made in the same conditions for all materials type, those with 100 mm/min, with the same 
retention force and without lubrication. Based on these considerations, in inverse analysis, we took into account 
not only the material characteristics but also the friction coefficient. 
 
(a) (b) 
Fig. 5. Major strain distribution for two materials tested: (a) DC03 – 0.5 mm, (b) PE – 1.0 mm. 
3. Inverse analysis using LS-Dyna 
In case of analysis by finite element method with LS-Dyna software, we used finite element type Thin Shell 163. 
The punch active plate and retaining ring was considered like rigid body and the sheet have chosen different 
formulations according with his type, as follows: for steel and sandwich material we chose Barlat 3 parameters and 
for plastics materials we chose Piecewise Plasticity. The main solution methodology is based on explicit time 
integration. Ls-Dyna has eleven different formulations available for the Shell 163 element use in this numerical 
simulation. In this case, the authors selected the Belytschko-Lin-Tsay formulation because it is fast and uses the 
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reduced integration method. The Belytschko-Lin-Tsay shell element was implemented in Ls-Dyna as a 
computationally efficient alternative to the Hughes-Liu shell element. The Belytschko-Lin-Tsay shell element is 
based on a combined co-rotational and velocity-strain formulation. The efficiency of the element is obtained from 
the mathematical simplifications that result from these two kinematical assumptions. The co-rotational portion of 
the formulation avoids the complexities of nonlinear mechanics by embedding a coordinate system in the element. 
A shear factor of 5/6, and a total of 7 integration points through the thickness were used in order to catch 
the variation of the stresses and strains through the thickness. The hourglass control based on Belytschko and 
Tsay viscous formulation were selected in order to avoid problems with single point Gaussian integration. A 
coefficient of 0.1 was selected for in-plane, bending and warping hourglass. Eighteen different contact types 
have been incorporated in Ls-Dyna. In this numerical simulation, we used a forming one way surface-to-surface 
contact algorithm. For the exponential hardening option, the material yield strength is given by: 
  ,0 npY k HHV     (1) 
where: k is the strength coefficient, İ0 is the initial strain at yield, İp is the plastic strain, and n is the hardening coefficient. 
Meshing the blank into the finite element was made for the distance between two nodes of the undeformed 
network to be twice distance between two stage points of the network obtained experimentally using the Aramis 
optical system, also under-formed. This was necessary in order to identify, in both cases (numerical simulation and 
experimental study), the same points in which the deformations were measured. 
The experimental device of the Hecker test was modeled by the finite element method. We consider a square 
sheet plate (250 mm x 250 mm) with the same thickness as the samples tested at tensile using the Instron machine. 
For reducing the time for analysis by FEM, we modeled only a quarter of the device used for Hecker test, putting 
conditions of symmetry on two planes for the model created (Fig. 6). 
 
 
(a) (b) 
Fig. 6. Model of Hecker device (meshed). Fig. 7. Major strain variation for PE material. 
Using the Aramis system we can determine a few different types of strains: engineering, logarithmic or green 
strain. Because the numerical simulation software gives us the possibility of using logarithmic strain we also chose 
for experimental data to determine the same logarithmic strain. 
The optimisation process consists of minimizing the “distance” between two curves. These two curves typically 
consist of two dimensional experimental target curves and a numerical obtained computed curve. The computed 
curve is a variable response, being dependent on the system parameters, in our case material constants. One of the 
most important objectives of an algorithm which is elaborated for parameter identification is the curve matching. 
The methodology that we used in this paper for the curve matching was “Mean Square Error” for the purpose of 
finding the best match between two arbitrary curves. We choose this option because this methodology uses the 
vertical coordinate distance between two specified curves to compute the matching error. In this methodology, the 
“distance” between the two curves is quantified by the sum of the squares of the distances in the ordinate 
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coordinate between the target points and the interpolated points on the computed curve. Thus, the mismatch of the 
abscissa is not explicitly included. In Table 2 the results for k, n, Etan and ȝ are presented as obtained after 
optimisation analysis. For this optimisation analysis we set the maximum number of iterations for ten. Objective 
functions of optimization analysis were four curves: force vs. displacement, major strains vs. displacement beacon 
for those three different points from the dome. 
Table 2. Corrected data obtained by inverse analysis 
Material type 
of sheet 
Thickness 
t (mm) 
Tangent Modulus 
Etan (MPa) 
Coefficient of 
friction ȝ 
Strength coefficient 
k (MPa) 
Hardening 
coefficient n 
DC03 0.50 - 0.1906 665.7 0.2984 
DC03 0.80 - 0.1889 687.7 0.2995 
SWA 1.20 - 0.1433 289.1 0.3382 
PA6 1.00 84.77 0.2137 - - 
PE 1.40 69.68 0.1205 - - 
PTFE 1.00 62.58 0.0853 - - 
 
 
(a) 
 
(b) 
Fig. 8. Analysis results for PE, during optimization simulation (at different iteration): (a) force vs. displacement, (b) major strain vs. displacement. 
4. Conclusions 
This paper presents a simple solution for determining the characteristics of the material and the friction 
coefficient for materials subjected of metal forming processes. This method allows the identification of the 
parameters mentioned, without requiring the expensive biaxial tensile tests. The data obtained has been checked on 
the deep-drawing of cylindrical parts and the results obtained from the simulation were very close to the 
experimental data. As future research follows we can mention the introduction in the optimization analysis of the 
coefficients of anisotropy, especially for material strain rate depended, development of multi-objective analysis for 
the same test, but with different load speeds. 
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